In some models beyond the Standard Model where lepton number violation by two units is forbidden (implying neutrinos cannot be Majorana fermions), violation by four units can still occur, allowing neutrinoless quadruple beta decay. The isotope 150 Nd is one of the very few isotopes where this process could be experimentally observed. The experimental signature consists of four electrons with a total energy equal to the Q-value of the decay. The NEMO-3 experiment in the Modane Underground Laboratory in France ran from 2003 to 2011, and studied seven isotopes of interest including 150 Nd. This article describes the result of the first experimental search for neutrinoless quadruple beta decay using the entire NEMO-3 data set for 36.5 g of 150 Nd with 5.25 years of data. No evidence is found of this decay, and lower limits at the 90% CL on the half-life are set in the range (1.1 − 3.2) × 10 21 years.
Introduction
The search for lepton number violation (∆L = 0) has a long history and promises to answer fundamental questions about the Dirac or Majorana nature of the neutrino. Any elementary process that violates lepton number by two units (∆L = 2) will imply that the neutrino is its own antiparticle and give rise to a Majorana neutrino mass term in the Lagrangian [1] . However there has been recent interest in new physics with lepton number violation by more than two units [2] , and the Majorana term would be forbidden if the minimum ∆L ≥ 3. In particular, new models with ∆L = 4 could lead to neutrinoless quadruple beta decay (0ν4β) [3] . This article describes the first ever search for this rare decay, which has been performed by the NEMO-3 experiment and published in Ref. [4] .
Quadruple beta decay
In quadruple beta decay, an isotope (Z, A) decays to a daughter isotope with (Z +4, A) releasing four electrons. Under the Standard Model (SM) of particle physics, four electron anti-neutrinos are also released that carry away invisible energy, and the electron energy sum is continuous up to the decay Q-value. The expected half-life is extremely long, T 1/2 ≫ 10 100 years, due to the 8-particle phase space which scales as Q 23 . The neutrinoless mode of this decay, which is beyond the SM, violates lepton number by four units. In this mode, no neutrinos are released in the decay and the kinetic energy of the four electrons will sum to a single value, the Q-value of the decay. The four particle phase space scales only as Q 11 and could give this decay (if it exists) a much shorter half-life than the SM decay.
For an isotope to be a viable candidate to study this decay, it has to be stable to alpha, beta, and gamma decays, and the daughter isotope has to have less mass for the decay to be energetically allowed. There are only three such known isotopes: 136 Xe, 96 Zr, and 150 Nd, with their properties listed in Table 1 . The Q-value of 150 Nd is the highest, making it the best isotope to search for this decay, given that the phase-space factor scales as Q 11 , and a signal of a higher Q-value will lie above less Table 1 : The only three viable isotopes for quadruple beta decay, their Q-values, the Q-value of the isotope's double beta decay (Q 2β ), and the isotopic abundance.
energetic radioactive backgrounds. The signal for this process will be four electrons emitted from a decay with kinetic energy that sums to the Q-value. Each of the viable isotopes also decays by double beta decay with a Q-value (Q 2β in Table 1 ) larger than that of quadruple beta decay. The 0ν4β energy peak lies in the middle of the broad energy spectrum due to SM double beta decays, and so distinguishing these two decays will be impossible for experiments that measure only energy. To unambiguously identify 0ν4β decays, reconstruction of all four individual electrons is necessary.
The NEMO-experiment
The NEMO-3 experiment was designed to search for neutrinoless double beta decay and ran from 2003 to 2011 at the Laboratoire Souterrain de Modane (Modane Underground Laboratory), at a depth of 4800 m water equivalent under the Frejus mountain, on the French-Italian border. Thin foils of seven different isotopes were analysed. Each of 140 source foils was composed of either a pure metallic isotope, or a composite of isotope powder mixed in PVA glue on a mylar support sheet. The foils were approximately 6 cm wide and 2.5 m tall, and had thickness between 60-300 µm. Tracking chambers were placed either side of the foils, with a height of ∼ 3 m and a depth of ∼ 50 cm. Calorimeter walls composed of 1940 scintillator blocks coupled to PMTs surrounded the tracker. The tracker had a single-electron vertex resolution of 3 mm in the horizontal direction and 10 mm in the vertical. The calorimeter had an energy resolution of 14%/ E/MeV and 250 ps timing resolution. The tracker, calorimeter, and a 25 G magnetic field allowed for the discrimination between beta electrons, positrons, gamma rays, and alpha particles, and the counting of individual electrons coming from a decay. Many measurements [5] 
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The SM double beta decay half-life of 150 Nd and background contamination of the Nd foils have been measured in a previous analysis [6] , using a total exposure of 0.19 kg-years. This dataset was used to search for 0ν4β.
The signal selection requires three or four tracks with a reconstructed vertex on the 150 Nd source foil (a single composite foil), with a 8 cm maximum vertical spread. Of these tracks, at least three of them have to be associated to a calorimeter hit with an energy of at least 150 keV, and this reconstructed object is an electron candidate. Three independent topological channels are defined: a 'four electron' The three-electron channel has the highest signal efficiency, due to the relatively low energy of the four electrons making it likely that one of the electrons is stopped in the foil. This channel however has the highest background contamination of the three channels, mainly due to SM double beta decays where one of the two beta electrons kicks another atomic electron out of the source foil by Møller scattering, resulting in three electrons tracks. Other backgrounds due to radioactive contamination are small. The overall efficiency and background contamination in the summed-energy window of [1.2 − 2.0] MeV is shown in Table 2 ; the overall efficiency is around 5%.
As a cross check, the selection is applied to the signal-free 100 Mo source foils, and the event yields in the three channels are consistent with the expected background. In particular, there are two candidate four electron events with an expectation of 2.3 ± 0.5 counts. An event display of one of these four electron candidates is shown in Figure 1 (bottom right) showing clearly the four reconstructed electrons.
The measured spectra for the three channels are shown in Figure 1 , and no evidence of this decay is observed. The 90% CL lower limit on the 150 Nd 0ν4β half-life is set between 1. NEMO-3 2006-06-08 13:35:02.673 Figure 1: Reconstructed energy spectra for the three different channels, and the expected signal at the 90% CL limit. Four different electron kinematic distributions are simulated (labelled symmetric, semi-symmetric, anti-symmetric and uniform; described in more detail in Ref. [4] ). Bottom right: event display of a four electron candidate event in the 100 Mo source foil.
